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CLAIMS 


v 

What is claimed is: 


10 


15 


20 


3. 


A test cWuit comprising: 

aWmary winding having parallel extended portions for imposing a 
spatially periodic magnetic field of at least two spatial wavelengths in a test 
substrate when driven by an electric current; 

an arr\y of sensing elements for sensing the response of the test substrate 
to the imposedWgnetic field, at least one sensing element positioned between 
the extended poVions of a half wavelength of the primary winding located every 
other half waveleWth of the primary winding, extended portions of the 
individual sensing^ ments being parallel to the extended portions of the 

primary winding; an*/ 

a series conation between the sensing elements in every other half 
wavelength perpendicular to the extended portions of the primary winding to 
group the individual seising elements, the series connection being in a different 
plane than the primary windings; and 

separate output coVections to each of plural groups of sensing elements 
located along the length ofVhe extended portions of the primary winding. 

2 A test circuit as claimed in cLn 1 wherein the individual sensing elements are 
located in at least two adjacenLlf wavelengths of the primary winding. 


A test circuit as claimed in ClaiA 2 wherein the individual sensing elements in 
adjacent half wavelengths are spa\ally offset parallel to the extended portions of 
the primary winding. 
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A^circui.asdaimedinCla.^whereinthespatialoffsetisonehaif.he 
,e„Xf an individual sensing element parallel .0 the emended porfons of the 

primaryVinding. 

at least oneLwavelengthawayfro, the endsofthe extended pomonsofthe 

primary winding. 

A test circuit as cLmed in Claim 2 further comprising additional conductors 
neartheendsofthLatial.yoffsetsensinge.ements.alongthelengthofrne 

extended portions of\e pnmary wtnding, to matntain the spattal penodtcty of 
the conductors. 

A test circuit as ciaimed f laim 2 further comprising extensions of the 
endmostrndividualspat^offsetsensingelementsbetweenthesens^ 

elements in the adjacent halfwavelength. 

A test circuit as claimed in Cll 1 where one mdwidual sensing element is 
toted every other half wavelenk to provide a single response. 

Atest circuit as claimed in Claim \here the sensing elements are i„ad,fferen, 
plane than the primary windings. 

Atestcircuttasclatmed in C.atm 2 wher\he array of sensing elements has one 
.ndWidualsensingelementlocatedeveryoLhalfwavelengthbutanarrayof 

sensing elements located in adjacent half wavelengths. 

AtestcircuUasclaimedinClaimlwhereeveryyhalfwavelengthofthe 

primary winding is connected together in series. 
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connected to each set of primary Ending half-wavelengths. 
' ^p.anesVithextendedportionsofthepri^windingslocatedoverone 

windings offs\by one half-wavelength. 

14 . A.estcrcuUasc^edinCm.whereeachsensingelementprov^s. 
absolute response. 

15 . AtestcircuitascJedtaaatalwhereatieastoneofthesensmgeiements 
10 provides a differential response. 

to inspect a curved part 

, • a ■ ru\ \\ that is scanned across the surface of a part 
18. A test circuit as claimed in Claim u that is scaimc 

15 for the detection of flaws. 

' suhstantiaiiyperpend.uiar.otheextendedportionsofpn.naryw.nd.ng. 

for detecting and determining the location offlaws. 
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21 A test V - claimed in Claim 20 where the longest dimension of the flaw is 
substantial perpendicular to the extended portions of primary wmdmg. 


22. A test circuit c 
calibration. 


laimed in Claim 1 where the lift-off is varied during 


5 23. A test circuit as 
measurements. 


clked in Claim 1 where the lift-off is varied during 


24 . A test circuit as claJl in Clahn 1 where the part under test temperature i. 
varied to vary the part conductivity for calibration. 


25. A test circuit as 


claimed inVlaim 1 where the part under test temperature is 


10 


varied to vary the part conducpy for measurements. 

2«. A «es, circuit as claimed in Cll 1 where the part under test permeability is 
varied using a bias field during cWation. 

27 . A test circuit as claimed in Claim L the part under test permeabihty is 
varied using a bias field during measuWents. 

15 28 A test circuit as claimed in Clatm 1 wheLeasurements are made a, multiple 
operating conditions, including multiple 1^, temperatures, or b.as fields. 


29 A test circuit as claimed in Claim 1 where meWements grids with one or 
dunensions are generated in advance and usedWabases to look up and 
interpolate the electrical and geometric propertie^f interest at the locahon 
20 measured by each individual sensing element. 


more 
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30 A test circuit as claimed in Claim 29 where the electrical and geometric 
propertieslt each sensing element location are correlated with dependent 

properties of interest. 


31. 


A test circuit ks claimed in Claim 29 where the array is scanned to build images 
of electrical properties across the surface of a part. 


32. A test circuit as Limed in Claim 30 where multiple frequencies are used to 
property \ariations with depth at each sensing element. 


measure 


33. A test circuit as clainred in Claim 31 where multiple frequencies are used to 
create three-dimensiohal images of properties. 

10 34 An apparatus comprising. 

a primary winding of parallel winding segments that impose a spatially 
periodic magnetic field, Ith at least two periods in a single plane, in a test 
substrate when driven by electric current; 

one or more sensingWindings that link flux over regions of incremental 
15 area along the length of a driVe winding segment, with the sensing elements 

located in a second plane, with a series connection between sensing elements in 
every other half wavelength; and 

leads to the sensing elenUs exiting the sensor footprint in a direction 
perpendicular to the direction of fjje drive winding segments. 

20 35 A test circuit comprising: 

a meandering primary winding having concentric substantially closed 
winding segments for imposing a spatW periodic magnetic field in the radtal 
direction of at least two spatial wavelets in a test substrate; and 
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38. 


10 


40. 


15 


20 43. 
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at lk st one sensing element for sensing the response of the test substrate 
to the imposed magnetic field. 


36. A test 
circular 


circuit A claimed in Claim 35, where the closed winding segments are 


A test circuit as clLed in Claim 35, where the closed winding segments follow 
a shape in the. material under test. 

A test circuit as claimed in Claim 35, with at least one sensing element 
positioned between theUcentric circular segments of a half wavelength of the 
primary winding and loc\ted every other half wavelength of the primary 


winding, and with extended portions of the individual sensing elements 
concentric with the conce* circular segments of the primary winding 
39. A test circuit as 


claimed in ftlaim 38 where a single sensing element is placed 


within in each half wavelength of the primary winding 


A test circuit as claimed in Clarm 39 where separate output connections are 
made to the sensing element in e\ch half wavelength. 


41 . A test circuit as claimed in Claim 40 where at least two of the sensing elements 
are connected together to provide aVommon output. 

42. A test circuit as claimed in Claim 41 Were all of the sensing elements are 
connected together to provide single okput. 


A test circuit as claimed in Claim 42 wh\re the sensing elements are in a 
different plane than the primary windings) 
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♦ ™* tie sensing elements spanning the same angu 

sparming the cirLferenoe of *e primary wintog. 

• \ .Jin Claim 44 where the sensing elements are connected 
45. A test circuit as claWd in Claim « w 

together with a series connection. 

, • Yt in Claim 45 where the series connections are in a 
46 A test circuit as claimed in Claim 
0 ' different plane than thcVrimary winding. 

, ■ if Claim 44 wherein the individual sensing elements 

■ , • ,H in Clai 48 wherein the rotational offset is one half the 
15 49 A test circuit as claimed in Claim 

angle spanned by an individual s easing element. 

, ■ a ■ n»im 49 further comprising extensions of the 

inner-most rotationally offset sensin&elements 
the inner adjacent half wavelength. \ 

. , . . in naim 38 where the sensing elements are in : 
20 51. A test circuit as claimed in Claim w oi 

different plane than the primary windings.\ 
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52. A test circuit as 
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claimed in Claim 35 that is conformable to inspect curved parts. 


laimed in Claim 35 placed on a curved and compliant substrate 


53. A test circuit as c 
to inspect\ curved part. 

54. A test circuits claimed in Claim 35 that is mounted against a surface of apart 
for the detection of flaws. 

55. A test circurt as claimed in Claim 38 where the part under test temperature is 
varied to vary theW conductivity for calibration. 

56 . A test circuit as died in Claim 38 where the part under test temperature rs 
varied to vary the pa\ conductivity for measurements. 


10 57 A test circuit as claimed in Claim 38 where measurements grids with 

m0 re dimensions are generated in advance and used as databases to look up and 
.nterpolate the electrical L geometric propert.es of interest at the locahon 
measured by each individual sensing element. 

58 A test circuit as claimed in Claim 57 where the electrical and geometric 
15 ' properties at each sensmg element location are correlated with dependent 
properties of interest. 

59 . A test circuit as clauned in CMmV where the array is scanned to bm.d images 
of electrical properties across the surface of a part. 

60 A test circuit as claimed in Claim 5 8 \here multiple frequencies are used to 
20 measure property variations with depth at each sensing element. 
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A test cVcuit as claimed in Claim 59 where multiple frequencies are used to 
create thAe-dimensional images of properties. 

A test c,rcu\as claimed in Claim 38 wherein the sensing windings link flux . 
over regions ^incremental area along the length of a drive winding segment, ^ 
the sensing wings are located in a second p.ane with each sensing wtndmg ^ 
linkingmagneticVx every other half period, and the leads to the sensmg 
elements exit the s\nsor footprint radially, perpendicular to the direction of the 
drive winding segments. 

A test circuit as claiml in Claim 38 further comprising a hollow center region 
for placement around a fastener shaft. 


A test apparatus comprising: 

concentric circular winding segments that impose a radial spatially 
periodic magnetic field, with\at least two periods in a single plane, in a test 
substrate when driven by eleciric current; and 

one or more sensing wiUngs that link flux over each region bordered 
by the dnve winding segments \ concentric with the drive winding segments. 


A test circuit comprising: 

a primary winding of parallel extended winding segments that impose : 
spatially periodic magnetic field, wit\at least two periods, in a test substrate 
when driven by electric current; 

an array of sensing windings for\sensing the response of the test 
substrate to the tmposed magnetic field,!* least two of the sensing windings m 
different half-wavelengths of the pnmary Uding Unking incremental areas of 
the magnetic flux and being offset along th\leng.hs of the parallel windmg 
segments to provide material response measurements over drfferent locations 
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when theLuit ,s scanned over the test material in a direction perpendicular to 

the extended winding segments; and 

the slse windings confined to a single plane and the drive windings 

confined to a Single plane. 

5 66 AtestcircmtasVaimedinC^maSwhereintheparaUeiextendedwinding 
segmentsofme^arywindingareformedbypara.lelextendedport.onsof 

adjacent drive coiR 

67 A ,estcircuitasclai\edinC.aimed66whereineveryo,herdnvecoilis 

connected in series onW side of the pnmary and the remaining drive coils are 


10 


connected in series on the opposite side of the pnmary. 


68 At es,c 1 rc«itasc,aimedLciairn66wherei„asinglepa 1 rofconnector,eadsis 
connected to each set of prWary winding half-wavelengths. 


69 A test circuit as claimed in 

\. ■ ;«^;noc Inr.ated over one 


A rest circuit as claimed in CJaim 65 where the pnmary winding is distributed in 

io 

another and the connectors beLn the extended portions of the primary 


two planes 


with extended porlions of the primary windings located over , 


15 another ana me cuiuicv^... — , 

windings offset by one half-wavelength. 

70 A test circuit as claimed in Claim 65 where the sensing windings linking 

sensing windings that extend along aUstantia, length of the pnmary windings 
are located in the intermediate half-wL lengths of the pnmary windmg. 


20 


71. 


A test circuit as daimed in Claim 70 whle output connections of at least two of 
the sensing windings of substantial lengthVe connected m senes. 
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72 A test cLit as claimed in Claim 70 where extra conductors are placed in the 
endmost Lf-wavelengths, without secondary elements, to maintam the spatial 
periodicity\)f the conductors in the test circuit. 

73 A test circuity clatmed in Claim 70 where extra conductors axe placed at the 
5 ' ends of the sensing elements to mamtain the spatial periodicity of conductors m 

the test circuit. 

74 A test circuit as claimed in Claim 70 where the sensing windings linking 
incremental areas U extension loops on the winding side opposrte the 
connector leads to provide essentially equivalent coupling of magnetic flux 

10 between offset sensing windings. 

If 

75 A test circuit as claimek in Claim 65 where the sensing windings are offset a 
distance one-half the leV of extended portions of the sensing windings so that 
sensed responses cover overlapping areas. 

76 A test circuit as claimed inbaim 66 where the array of sensing windings has at 
, 5 least one sensing coil every Wavelength, distance between senstng cotls 

within an adjacent parr of extended portions being increased by the length of the 
sensing coils at leas, each halfVa velength, each individual sensing cod havmg 
separate output connectors. \ 

77 A test etauit as claimed in Cla,n\ 76 where the distance from the ends of the 
20 ' ser.tngcoilstotheconncctorsbeLentheextendedportionsofthepnmaryts 

k ep, essentially constant as the dis,\nce between the sensing coils is increased. 


78. A test circuit as 

response to the material properties. 


claimed in Claim 77 W the sensing coils provide an absolute 
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79 A test cVcuit as claimed in Claim 77 where the sensing cods provide a 


80. 


81. 


A test eirclit as claimed in Claim 77 where the sensing coils in every Cher half 
wavelenglrovideanabsoluteresponsetothematenalpropertieswhriethe 

the materialities parallel to the extended windings. 
AtestcircuUallaimedin Claim SOwhere extra conductors areplaced in the 
endmosthalf-wLengths, without secondly wmdings, to maintain the spatral 
periodicity of theVonductors in the test circuit. 


10 82 AtestcircuitasclaLedinClaimSOwhereextraconductorsareplacedatthe 
endsofthesensing^entstomaintainthespatialperioacityofconductorstn 

the test circuit. 

' tnetaercoilsforpairsoVdifTerentialelementstoensurethateachmdwrdua, 
15 coil is surrounded by the sW conductor pattern. 


84 A test circuit as claimed in <W 83 where the individual coils for the 
differential elements are separated by more than a coil length. 

' e.ementstsrotatedso.hatthecokareoffsetequa.distancesoneithers.deof 


20 the 


centerline of a half wavelengthW a primary meander. 


86. A test circuit as 


claimed in Claim 85\where the rotated differential element is 


perpendicular to the extended windings of the pnmary. 
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87 AtestArcuitasdaimedinClaimlT^remeasure^sgridswithoneor 
' ^edLsionsaregeneratedinadvanceandusedasdatabasesto.ookupaBd 
Interpol the electrical and geometric properties of interest at the locatton 
measuredV each individual sensing element. 

A test circuit as claimed in Claim 87 where the electrical and geometric 
' propertiesatUsensingelementlocationarecorrelatedwithdependent 

properties of interest. 

89 . A test circuit as\laimed in Claim 87 where the array is scanned to build images 
of electrical properties across the surface of a part. 

10 90 A test circutt as climed in Claim 88 where multiple frequencies are used to 
measure property variations with depth a. each sensing element. 

91 . A test circuit as claild in Claim 89 where multiple frequencies are used to 

create three-dimensional images of properties. 


92 A test circuit comprising: 
15 ' ameanderingprilarywindmghavmgextendedportionsfortmposmg 

spatially penodic magnetic field of at leas, two spatial wavelengths m a test 

substrate; and \ 

a sensing winding array of sensing elements, w,,h a sensmg element 


20 


positioned every half wavelength ofat.easttwo spatial wavelengths between 
respective adjacent extended \oruons of the primary winding for sensing the 
response of the test substrate t\the imposed magnetic field, the sensmg 
eiementsindudingsensingcoil, for hnking flux over .ncremental areas between 


adjacent extended portions, a. lit one absolute sensing coil every half 
wavelength and a. leas, two differentia, sensing cot.s every other half 
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wavelenW distance between sensing coils within an adjacent pair of extended 
portionsleing increased each wavelength, each individual sensing coil having 
separate Lput connectors, distances from the ends of the sensing coils to 
connectorsVetween the extended portions of the primary being substantially 
constant as Ve distance between the sensing coils is increased. 

A test circuit \s claimed in Claim 87 wherein the extended portions of the 
primary windhL are formed by individual drive coils having parallel extended 
portions with evlry other drive coil connected in series on one side of the 
primary and the remaining drive coils connected in series on the opposite side of 
the primary. 


A test circuit as 


claimed in Claim 77 that is conformable to inspect curved parts. 


A test circuit as claimed in Claim 77 placed on a curved and compliant substrate 
to inspect a curved part\ 

A test circuit as claimedl Claim 89 where the part being scanned is an engine 
disk slot. 

A test circuit as claimed in (Wn 96 where two or more sensing coils are 
located at the same position along half-wavelength but in different 
half-wavelengths of the primaX to provide property measurement redundancy at 
a specific test material location Vith a single measurement scan. 

A test circuit as claimed in ClaimW where five sensing coils are located at the 
same position along a half wavelength but in different half wavelengths of the 
primary. ^ 
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99 A test chtcuit as claimed in Claim 78 further comprising connection leads to the 
sensing element that are offset from the centerline of the half meander, a second 
loop havil extended portions substantially parallel to the connection leads and 
symmetrically located on the opposite side of the centerline, and with a 
differential Wmection between the sensing element and the second loop. 

100. A test circuit \s claimed in Claim 80 further comprising connection leads to the 
sensing element that are offset from the centerline of the half meander, a second 
loop having exLded portions substantially parallel to the connection leads and 
symmetrically llated on the opposite side of the centerline, and with a 
differential conneltion between the sensing element and the second loop. 


15 


101. An eddy-current selor for creating a spatially periodic magnetic field of at least 

two periods comprising: 

a primary winWg having parallel extended winding segments and 

driven by an electric current; and 

each half wavelength of the primary windings being formed by an 
individual drive coil having parallel extended portions with every other drive 
coil connected in series k one side of the primary and the remaining drive coils 
connected in series on thebpposite side of the primary. 


102. 


A method for creating a spatially periodic magnetic field, with at least two 


20 periods, for eddy current sensors compnsing: 

providing a primary winding of parallel extended winding segments, 
each parallel extended winding Segments being formed by parallel extended 
portions of adjacent individual dnVe coils; 

driving current through individual drive coils in alternating clockwise 
25 and counterclockwise directions such that current through immediately adjacent 


-71- 


extended portions of the drive coils are in common directions and a spatially 
periodic magnetic field, with at least two periods, is imposed in a test substrate. 

103. A method as Limed in Claim 101 wherein a single pair of connector leads is 
connected to elch set of primary winding half-wavelengths. 

1 04. A method as claimed in Claim 1 02 further comprising providing parallel 
extended windinb segments distributed over two planes, the extended windings 
of the primaries located over one another and the connectors between the 
extended portionslof the primary windings offset by one half-wavelength. 

105. A test circuit comprising a plurality of adjacent individual drive coils having 
parallel extended portions with current flow in any adjacent extended portions 
being in a common direction and all the drive coils together imposing a 
stationary periodic magnetic field^ ^jthaUe ast two periods,jna_ t gst substrate. . 


106. A methodfttf monitoring damage at a fastener comprising: 

mountiWspatially periodic field eddy-current sensor to a test substrate 

near a fastenerWp^-~v 

sensing response of the test substrate to a magnetic field imposed by the 

eddy-current sensor. 



1 07. A^ethod as claimed in Claim 1 06 where the sensor is mounted under the head 
of the fastener. 

108. A method as icWed in Claim 106 where the sensor is mounted between the 
layers of the structure attached by the fastener. 
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109. A method as claimed in Claim 106 where a sensor is mounted at both ends of 
the fastenV 


110. A method as claimed in Claim 106 where the sensor is a circular spatially 
periodic field eddy-current sensor surrounding a fastener. 

111. A method as claimed in Claim 1 06 where the damage is in the form of a crack. 


112. ■ A method as claimed in Claim 106 further comprising at least two circular 

spatially periodic field eddy-current sensors each mounted around a fastener and 
a single cable connec\the drive and sense conductors to the data acquisition 
system. 


113. A method as claimed in Claim 112 where the each sensor provides a separate 
output. 

1 14. A method as claimed in Claim 113 where the output is an absolute property 
measurement. 


115. A method as clamAjn Claim 1 12 where the sense conductors from pairs of 
5 sensing elements are connected together to provide a differential measurement. 

t _ — " " " ' " 


1 16. A method as claimed in Claim 1 12 where separate drive connections are made 
to each sensor. 

117. A method as claimed in Claim 116 where the sense conductors are connected 
together to provide a common output connection. 
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! 1 8. A method as claimed in Claim 1 12 where the drive conductors are connected 
together to provide a common drive signal. 

119. A method as claimed in Claim 118 where the sense conductors are connected 
together to provide a common output connection. 


5 120 A method as claimed in\aim 106 where the sensor is mounted in a cylindrical 
support material shaped in\e form of a washer for mounting under a fastener 
head. 


121. A method as claimed in Claim 120 where the support material withstands 
compressive loads. 


^^^^^ from an inductive sensor 


10 122. 

comprising 

creathk measurement grids that provide primary and sense windmgs in 
multiple layerf 

storing\he measurement grids as databases of sensor responses to a 
15 predetermined r2mge of at least two unknown properties; and 

using theEabases to convert sensor responses into estimates of at least 

two unknown pf o] 

123. A method as claimeL Claim 122 where finite element modeling is used to 
generate databases of tesponses. 

20 124. A method as claimed in\lairn 122 where analytical models are used to generate 
databases of responses 
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125. A Lthod as claimed in Claim 122 where finite difference modeling is used to 
generate databases of responses. 

126. A method of fabricating a damage standard comprising: 
^aching an electromagnetic sensor to a critical surface of test material; 

echanically loading the test material and measuring a change in the 
electrical pVoperties under the surface of the sensor; and 

remdving the mechanical load when the change in electrical properties 
indicates a prescribed level of damage. 


127. 


A method as clLied in Claim 126 where the damage is a fatigue crack. 


10 128. A method as claimed in Claim 126 where the sensor is a spatially periodic field 
eddy-current sensoLnd the test material is a metal. 

129 A method as claimed!* Claim 128 where the sensor is flexible for conforming 

\ 

to the shape of the surface of the test material. 

130. A method as claimed in Claim 129 where the sensor is an array with multiple 
15 sensing elements for prodding a spatial image of the damage. 

131. A method as claimed in ClaiM 126 where the sensor is a dielectrometer and the 
test material is a dielectric material. 

132. A method as claimed in Claim k further comprising the use of a temperature 
measurement sensor to correct fo\ electrical property variations with 

20 temperature. \ 
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133. A method as claimed in Claim 126 further comprising the use of multiple 
sensors toVonitor multiple regions. 

1 34. A method as\claimed in Claim 133 where the sensors include arrays with 
multiple sensing elements for producing spatial images of the damage. 

5 135. A method as claimed in Claim 127 further comprising the use of a sensor to 
monitor the chan& in crack length with the number of fatigue cycles. 


136. A method as claimed in Claim 127 further comprising the use of multiple 
frequency measurements to monitor crack depth. 


137 A method as claimed inlClaim 1 27 where the damage is pre-crack damage. 

y 

10 138. A method as claimed in Cl^im 127 further comprising mounting the sensor 
between layers of the test material. 

1 39. A method as claimed in Claim 128 further comprising the use of a sealant to 
provide mechanical support. \ 

1 40. A method as claimed in Claim 126 further comprising shaping the test material 
1 5 to create a stress distribution so that fatigue damage initiates under the sensor. 


141 . A method as claimed in Claim 140\where the test material is formed into a 
dogbone shape and the center sectioh is thinned to localize fatigue damage. 

142. A method as claimed in Claim 141 wh\re the test material further comprises 
reinforcement ribs on the edges. 
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A method as claVed in Claim 142 where the test material further comprises 
radius cutouts on\both sides of the thinned section. 

A method as claftSd in Claim 140 where the test material further comprises 
radius cutouts on bW sides of the thinned section. 



